A sequence variant of histone H2A called H2AX is one of the key components of chromatin involved in DNA damage response induced by different genotoxic stresses. Phosphorylated H2AX (γH2AX) is rapidly concentrated in chromatin domains around DNA double-strand breaks (DSBs) after the action of ionizing radiation or chemical agents and at stalled replication forks during replication stress. γH2AX foci could be easily detected in cell nuclei using immunofluorescence microscopy that allows to use γH2AX as a quantitative marker of DSBs in various applications. H2AX is phosphorylated in situ by ATM, ATR, and DNA-PK kinases that have distinct roles in different pathways of DSB repair. The γH2AX serves as a docking site for the accumulation of DNA repair proteins, and after rejoining of DSBs, it is released from chromatin. The molecular mechanism of γH2AX dephosphorylation is not clear. It is complicated and requires the activity of different proteins including phosphatases and chromatinremodeling complexes. In this review, we summarize recently published data concerning the mechanisms and kinetics of γH2AX loss in normal cells and tissues as well as in those deficient in ATM, DNA-PK, and DSB repair proteins activity. The results of the latest scientific research of the low-dose irradiation phenomenon are presented including the bystander effect and the adaptive response estimated by γH2AX detection in cells and tissues.
Introduction
DNA double-strand breaks (DSBs) are the most dangerous lesions induced by a variety of treatments including ionizing radiation (IR), radiomimetic drugs, and lasers' action. DSB elimination is determinated by DSB repair system efficiency and is crucial for cell survival. Unsuccessful DSB repair leads to the appearance of chromosomal aberrations in mitosis and potentially could induce cancer. Extensive studies have explored the mechanisms of DSB repair that include non-homologous end-joining (NHEJ) and homologous recombination (HR). DSB repair pathways compete with each other, and the choice between them is dependent on the expression of specific protein factors and the cell cycle phase. The studies of sensitivity to IR of different mutant vertebrate cell lines have led to a conclusion that NHEJ pathway plays a dominant role in DSB repair during G1-early S phase, but could operate during the whole cell cycle, while HR is preferentially used in late S-G2 phase (Takata et al. 1998; Shrivastav et al. 2008) . It has been shown, using fluorescent reporter assay for the study of DSB repair induced by endonuclease, that the input of NHEJ in human cells is higher than HR during the whole cell cycle. NHEJ activity increases from G1 to G2/M stage, and HR is absent in G1, most active in S, and decreases while cells progress to G2/M stage (Mao et al. 2008) .
H2AX is a variant of histone H2A in mammalian cells. The appearance of phosphorylated form of this histone, called γH2AX, is one of the earliest events involved in DNA damage response (DDR) to different genotoxic stresses that induce DSBs. The members of phosphotidylinositol 3-kinase family (PI3) ATM and DNA-PK are activated in response to DNA DSB induction by IR and phosphorylate proteins involved in cell cycle arrest and DNA repair (Rogakou et al. 1998; Yang et al. 2003; Kurz and Lees-Miller 2004) . H2AX is phosphorylated by these kinases on serine 139 within minutes after IR. The phosphorylated form of this histone spreads in both directions from DSB and occupies megabase chromatin domains (Rogakou et al. 1998; Rogakou et al. 1999; Redon et al. 2002; Sedelnikova et al. 2003) . DSBs induced during S phase after the action of agents inhibiting replication like UV, hydroxyurea, or topoisomerase poisons require activation of ATR kinase for H2AX phosphorylation at the sites of stalled replication forks (Ward and Chen 2001; Ward et al. 2004) . Chemical and environmental agents that do not induce DSBs also could lead to H2AX phosphorylation. For example, the treatment of cells with chemical potent carcinogen benz[a]pyrene leads to formation of covalent DNA adducts that induce H2AX phosphorylation in ATM-, ATR-, and DNA-PK-dependent manner (Yan et al. 2011) . H2AX phosphorylation could be induced in DNA in the absence of DSBs by hyperthermia (Hunt et al. 2007 ). Heatinduced γH2AX foci are ATM-or DNA-PK-dependent and are observed in all phases of cell cycle, but the precise mechanisms involved in foci formation are unknown (Takahashi et al. 2010) .
Irradiation of tumor tissues and the use of drugs that directly produce DSBs or induce replication stress are widely applied for cancer therapy (reviewed recently by Redon et al. 2010) . Therefore, the study of responses to replication stress and IR is extremely important for the development of new pathways in cancer therapy.
γH2AX could be detected in damaged cells using different kinds of techniques: flow cytometry, immunoblotting, and immunofluorescence microscopy. Since the discovery of H2AX phosphorylation in response to DSB induction by the group of Bonner (Rogakou et al. 1998) , a lot of studies were dedicated to elucidate the role of this posttranslational modification in coordination of DSB repair. It has been found using immunofluorescence microscopy with specific antibodies that γH2AX serves as a platform to recruit various repair and cell cycle proteins. After the action of IR, discrete nuclear γH2AX foci colocalize with MRE11/RAD50/NBS1(MRN complex), 53BP1, MDC1, BRCA1, and RAD51 proteins (Paull et al. 2000; Stewart et al. 2003; Schultz et al. 2000; Fernandez-Capetillo et al. 2003; Xie et al. 2007 ). The γH2AX could also serve to hold broken DNA ends together and thus facilitate their rejoining (Bassing and Alt 2004) .
It was shown that the kinetics of γH2AX induction and its release from chromatin correlated with the rate of DSB rejoining allowing therefore to use γH2AX as a sensitive marker of DSB repair (Rothkamm and Löbrich 2003; Löbrich et al. 2005) . However, the observation that H2AX−/− animals revealed only mild defects in DDR and DSB repair indicated that H2AX-independent mechanisms of DSBs repair could also exist (Bassing et al. 2002; Celeste et al. 2003) . The phenomenon of mild defect of DSB repair in the absence of H2AX could be explained by the fact that H2AX is not absolutely needed for the concentration of recognition factors MRN and ATM at the damaged sites (Yuan and Chen 2010) . H2AX-independent DSB recognition is possibly involved in a minor pathway of DSB rejoining that possesses low efficiency and explains moderate genomic instability of H2AX−/− mice. The main pathway of DSB repair is γH2AX-dependent, and γH2AX could likely have a role in modulating DNA repair in both subpathways -HR and NHEJ (Bassing et al. 2002; Shrivastav et al. 2008 ). On the other hand, γH2AX formation could be non-stringently associated with the induction of DSBs in DNA. γH2AX foci formation in the absence of DSBs was observed during cell senescence induced by the inhibition of histone deacetylase by sodium butyrate that is followed by the activation of p21 or p16, specific proteins induced in senescent cells. As it was proposed by the authors, such pseudo-DDR could serve for the protection of senescent cells from entering mitosis (Pospelova et al. 2009 ). In this review, we discuss the available data concerning the mechanisms of H2AX phosphorylation/dephosphorylation in the presence of classical DDR and the kinetics of γH2AX elimination from the chromatin of cultivated mammalian cells and tissues after the induction of DSBs.
Protein kinases involved in H2AX phosphorylation
PI3-like kinases including ATM, ATR, and DNA-PK could be involved in histone H2AX phosphorylation at DSBs. H2AX located in chromatin domains around IRinduced DSBs is phosphorylated by ATM and DNA-PK, but the levels of phosphorylation detected by different research groups in mouse and human cell lines deficient either in ATM or DNA-PK significantly differ. ATM is recruited to DSBs and activated by MRE11-RAD50-NBS1 (MRN) DSB recognition complex (Berkovich et al. 2007 ). In the absence of DSBs, ATM is inactive and composed as a dimer, after IR it is autophosphorylated at serines 367, 1893, and 1981, then the dimer dissociates and its subunits are activated (Iijima et al. 2008) . The results of Burma and coworkers (2001) established ATM as a major kinase involved in H2AX phosphorylation in mouse embryonic fibroblasts after IR action. In fibroblasts derived from ATM−/− mouse, only low level of phosphorylation evidently due to DNA-PK action could be detected. No difference in γH2AX induction was observed between normal mouse lung fibroblasts and DNA-PKdeficient SCID mouse fibroblasts, but γH2AX induction was lower in ATM−/− cells of immortalized cell line in comparison with ATM+/+ revertant cells suggesting the predominant role of ATM in H2AX phosphorylation (Takahashi et al. 2010 ). Stiff and coworkers (2004) reported that the similar number of γH2AX foci was induced by IR in human and mouse embryonic fibroblasts lacking either ATM or DNA-PK in comparison with control cell lines, but the kinetics of γH2AX release was delayed in DNA-PK−/− cell line M059J derived from human malignant glioma. Normal phosphorylation kinetics was observed after irradiation of cells defective either in ATM (immortalized AT5BI cell line) or DNA-PK (M059J line) (Wang et al. 2005 ), suggesting that ATM and DNA-PK could entirely substitute each other in the induction of H2AX phosphorylation.
γ-Irradiation of HeLa cells with downregulated DNA-PKcs via siRNA resulted in decreased DSB rejoining measured by comet assay and H2AX phosphorylation. The level of H2AX phosphorylation in irradiated ATMdeficient human cells of AT5BIVA line was only slightly lower than in HeLa cells and largely abolished after treatment with specific inhibitor of DNA-PK ). These results have led the authors to suggest that DNA-PK plays the dominant role in H2AX phosphorylation in response to DNA damage.
It has been shown that in irradiated mouse, B lymphocytes ATM and DNA-PK collaborate in phosphorylation of downstream targets Kap-1, Chk2, Chk1, p53 and SMC1 (Callén et al. 2009 ). It is evident that both ATM and DNA-PK could act redundantly in the phosphorylation of H2AX after IR, and the discrepancy in results obtained by different research groups could be at least partially explained by variations in expression level of these kinases in the cell lines used for the studies.
Whereas ATM is activated by DNA DSBs induced by irradiation in any phase of the cell cycle, ATR activation occurs at DNA damages associated with DNA replication. γH2AX is an indicator of one end DSBs arised at stalled replication forks initiated by replication inhibitors like hydroxyurea (HU) or UV. ATR phosphorylates H2AX at the sites of blocked replication forks to initiate DSB repair and activate CHK1 kinase to prevent cell cycle progression (Ward and Chen 2001) . RPA protein is associated with the stretches of single-stranded DNA (ssDNA) at stalled replication forks. ATR-interacting protein (ATRIP) binds to RPA-coated ssDNA and thus allows ATR to bind DNA at the sites of blocked replication. ATR is the major kinase activated in response to replication stress, and its activation and recruitment to HU-blocked replication forks are facilitated by the members of mitogen-activated protein kinase family ERK1 and ERK2 kinases (Wei et al. 2011) .
The resolution of stalled replication forks and the release of γH2AX are promoted by the action of methnase, a protein that methylates histone H3 at lysines 4 and 36, causing chromatin modifications associated with decon-densed chromatin structure (De Haro et al. 2010 ). Chk1 activity is absolutely needed for the completion of repair of stalled replication forks. Chk1 depletion leads to the apoptosis of cells released from exposure to replication inhibitors. Nevertheless, a subset of Chk1-depleted cells is not associated with apoptosis after replication stress, and the elevated level of γH2AX in these cells could persist for a long time at the sites of unresolved forks, but does not facilitate the entry of cells in mitosis (Gagou et al. 2010) .
ATM, ATR, and DNA-PK kinases cooperate with each other in response to IR and replication stress. ATR could be activated not only at the sites of stalled replication forks, but is also involved in response to IR in S and G2 phases of the cell cycle (Jazayeri et al. 2006; Shiotani and Zou 2009) . The ends of DSBs in these cells could be resected via ATM and Artemis-dependent action that leads to ssDNA formation followed by ATR activation that contributes to H2AX phosphorylation. ATR activation and γH2AX foci formation at late time after IR were observed also in ATM/DNA-PK inhibitor-treated G2 cells, suggesting that in the absence of ATM, DSB end resection could occur, however slowly and inefficiently . ATM and DNA-PK could be phosphorylated by ATR kinase after the action of UV and participate in cell response to replication stress (Yajima et al. 2009 ). In the absence of ATR, γH2AX foci are formed in mouse fibroblasts in S phase at stalled replication forks due to the contribution of ATM and DNA-PK, but the actual input of each of these kinases in this salvage pathway is not established (Chanoux et al. 2009 ).
Mechanisms of γH2AX induction and dephosphorylation during DSB repair
Histone H2AX is phosphorylated in chromatin domains 2-30 Mb in size surrounding DSBs within minutes after the action of IR (Rogakou et al. 1999) . H2AX is a replacement histone that is incorporated in chromatin not exclusively in S phase as the other core histones. Therefore, it could be supposed that phosphorylated H2AX is directly incorporated in chromatin around IR-induced DSBs in case it possesses high mobility. The incorporation of H2AX tagged with green fluorescent protein (GFP) in chromatin of irradiated and unirradiated cells measured using fluorescence redistribution after photobleaching assay (FRAP) was found to be equally slow, indicating that phosphorylation events occur in chromatin in situ rather than by histone exchange ).
The number of γH2AX foci as well as the total fluorescence intensity of γH2AX foci per cell reach maximum at 30-60 min after irradiation and after that gradually decline ( Fig. 1 ). 53BP1 is concentrated in chromatin surrounding DSBs along with γH2AX and could be used also as a reliable marker of DSBs. The identical kinetics of 53BP1 and γH2AX foci induction and release was demonstrated in irradiated human cells (Purrucker et al. 2010) .
Two mechanisms were proposed for the release of phosphorylated H2AX from chromatin of irradiated cells: direct dephosphorylation of γH2AX in situ by phosphatases and dephosphorylation by replacement of γH2AX molecules with unmodified H2AX ). The study of the kinetics of γH2AX foci formation and elimination in Chinese hamster lung fibroblasts has shown that 5 h after irradiation with the dose 1 Gy approximately 20% of the maximal number of foci could be detected ). Analysis of H2AX-GFP exchange using FRAP has demonstrated that 5 h after 1 Gy 50% of initial fluorescence in the bleached spot of the nucleus is recovered consistent with the view that significant fraction of γH2AX could be released by exchange with unphosphorylated H2AX, and γH2AX dephosphorylation occurs after its removal from chromatin into the nucleoplasm. However, the rate of H2AX exchange at local sites in the vicinity of DSBs could be much higher than the rate of its global exchange in the nucleus. DSB formation could be detected in limited nuclear compartments by the action of lasers with wavelengths 800, 405, and 360 nm (Dinant et al. 2007 ). To observe the kinetics of histone exchange after the induction of DSBs located more densely in limited area of the nucleus, 405 nm laser microirradiation of living Chinese hamster cells expressing H2AX-GFP and sensitized by Hoechst 33342 was performed. H2AX-GFP mobility in the irradiated areas was found to be as slow as after the action of IR (Solovjeva, unpublished observation; Svetlova et al. 2007) . In contrast to these results, the research group of Ikura (2007) observed the significant increase in H2AX-GFP mobility in first minutes after 360 nm laser microirradiation of the nuclei. However, these data did not correlate with the kinetics of γH2AX foci elimination that was shown to occur within several hours after IR Svetlova et al. 2007; Löbrich et al. 2010 ). It should be taken into account that the laser irradiation causes not only DSB formation but also the broad range of other DNA lesions including DNA single-strand breaks (SSBs) and different kinds of base damage. This is probably the reason of incomparable results obtained in the measurements of H2AX-GFP mobility after 405 and 360 nm laser irradiation that induce different spectra of DNA lesions. The damage response depends not only on the laser parameters but also is reliant on cell pre-sensitization associated with the changes in DNA conformation (Dinant et al. 2007; Kong et al. 2009 ).
Chromatin-remodeling complexes play an important role in the organization of the main DNA metabolic processes and could control H2AX exchange in the vicinity of DSBs. Tip60-remodeling complex has multiple functions in DSB repair. DSB induction destabilizes nucleosomes in chromatin that leads to the recruitment of p400 SWI/SNF ATPase, Tip60 histone acetyltransferase, and RNF8 or UBC13 proteins that acetylate and ubiquitinate histone H2AX before its phosphorylation by protein kinases (Ikura et al. 2007; Xu et al. 2010b ). Tip60 binds ATM and DNA-PK and participates in their activation at DSBs (Squatrito et al. 2006 ). The expression of Tip60 is required for MRN recognition complex recruitment to DSBs and the effectivity of HR of DSBs (Chailleux et al. 2010) . Drosophila Tip60 acetylates phosphorylated histone H2Av and promotes its exchange with an unmodified H2Av in vitro (Kusch et al. 2004 ). Tip60 together with Rvb1 protein, a subunit of various remodeling complexes, increased the amount and persistence of γH2AX after UV and after the action of topoisomerase II inhibitor etoposide that could induce DSBs in DNA (Jha et al. 2008) .
As shown in Fig. 1 , normal human fibroblasts and cells of neuroblastoma cell line IMR32 have very similar kinetics of γH2AX elimination during 5 h after IR. The expression of Tip60 in IMR32 cells is seven times higher than in human fibroblasts, suggesting that the modulation of Tip60 level does not influence γH2AX induction and its release from chromatin.
Yeast INO80 complex directly binds phosphorylated histone H2A through its subunits Nhp10 or Arp4 and is related to NHEJ process (Morrison et al. 2004 ). Mammalian INO80 complex is recruited within 5 min to the sites of Human embryonic fibroblasts (HEF) and cells of human neuroblastoma cell line IMR32 were irradiated at the dose 6 Gy, after formaldehyde fixation and immunostaining with rabbit primary antibodies to γH2AX followed by FITC-conjugated anti-rabbit IgG the cells were subjected to flow cytometry analysis, and the median fluorescence intensity was measured for each time point after IR. Median fluorescence intensity values for each cell line were normalized to the median values obtained for unirradiated cells (K). The experiments were repeated three times and error bars represent one standard error laser-induced DSBs, colocalizes with γH2AX, and retains for several hours in the irradiated area (Kashiwaba et al. 2010) . Unlike in yeast, ARP8 subunit of INO80 complex is required for its accumulation at the sites of damage both in H2AX+/+ or H2AX−/− mouse embryonic fibroblasts. The mechanism of INO80 action is unknown, and it remains to be elucidated whether INO80 or some other remodeling complexes could be associated with H2AX exchange after IR.
It has been shown that several phosphatases are involved in γH2AX dephosphorylation during DSB repair. γH2AX is dephosphorylated in vitro and in vivo by phosphatase PP2A (Chowdhury et al. 2005) . PP2A catalytic subunit colocalizes with γH2AX in DNA damage foci, and PP2A silencing slows down the kinetics of γH2AX elimination. The effect of PP2A has been shown to be independent of PI3-like kinases. The treatment of human fibroblasts with forskolin, an activator of adenylate cyclase, decreases the spread of H2AX phosphorylation around IR-induced DSBs possibly due to the activation of PP2A by protein kinase A that is in its turn activated by adenylate cyclase (Solovjeva et al. 2009 ). These results conflict with those obtained by Nakada and coworkers (2008) who have found that γH2AX dephosphorylation is PP4-dependent, and the PP2A effect on γH2AX release is minimal. PP4 phosphatase dephosphorylates ATR-mediated γH2AX induced at blocked replication forks (Chowdhury et al. 2008 ). Wip1 and PP6 phosphatases also can directly dephosphorylate γH2AX during DSB repair and contribute to the recovery of damaged chromatin structure (Douglas et al. 2010; Macůrek et al. 2010; Moon et al. 2010) .
It is interesting to note that some PP2A-like phosphatase family proteins (PP2A, PP6) interact with DNA-PK complex and promote DNA-PK activity (Douglas et al. 2001; Douglas et al. 2010) . It could be suggested that DNA-PK plays a previously unknown role in DDR, i.e., could be involved in the recruitment of multiple phosphatases to chromatin domains containing DSBs and thus regulate the level of γH2AX dephosphorylation and cell release from G2/M checkpoint. It is possible that distinct phosphatase complexes could target γH2AX molecules located at different distances from DSB sites or could be associated with DSBs in chromatin domains of different complexity or could operate in certain cell cycle phases (Douglas et al. 2010) . There is no data directly confirming this suggestion. For example, it has been shown that γH2AX elimination in the skin of DNA-PK-deficient SCID mice is significantly inhibited in comparison with normal mice (Koike et al. 2008b ), but it is not evident whether this inhibition is a result of impaired phosphatase recruitment.
The alternative mechanism of γH2AX elimination regulated by DNA-PK was described recently. DNA-PK was shown to affect γH2AX dephosphorylation after IR through its downstream target Akt kinase ).
DNA-PK phosphorylates and activates Akt, which in its turn phosphorylates and inactivates GSK3β protein acting as a negative regulator of γH2AX elimination after IR. Thus, it is possible that the release of phosphorylated H2AX during DSB repair after IR could occur by different pathways in mammalian cells: by histone exchange, by direct involvement of phosphatases recruited by DNA-PK and indirect DNA-PK action via Akt/GSK3β signal pathway.
Localization of γH2AX foci in the context of chromatin
Chromatin of interphase nuclei is composed of heterochromatin regions packaged with high density and associated with silenced genes and structurally loose regions known as euchromatin and associated with actively transcribed genes. After the action of radiation, DSBs could be induced in chromatin compartments of various densities. During last years, the distribution of γH2AX foci in the context of chromatin in cultivated mammalian cells was studied by several groups of researchers using fluorescence microscopy.
In some of the studies, the preferential localization of γH2AX foci in euchromatin was shown. γH2AX foci were absent from the chromatin area containing heterochromatin markers HP1α or trimethylated lysine 9 of histone H3 (H3K9me3) in MCF7 human cells (Cowell et al. 2007) . γH2AX was less expressed within the territory of human chromosome #18 poor of active genes in comparison with chromosome #19 that is the most gene rich (Falk et al. 2008) .
Some studies revealed that γH2AX foci could be located in the chromatin of different complexity. No correlation was found in human MCF7 cells between the fluorescence intensities of IR-induced γH2AX and H3K9me3 foci associated with DAPI-dense area of constitutive heterochromatin or histone H3 trimethylated at lysine 27 foci known as a hallmark of facultative heterochromatin ). The study of distribution of γH2AX foci in the chromatin of Chinese hamster cells stably expressing GFP-H2AX has shown that γH2AX foci are mainly located in chromatin regions with low-and medium-GFP density, and rarely in high-GFP density chromatin, suggesting that H2AX phosphorylation could occur both in eu-and heterochromatin (our unpublished observation). In transcriptional reporter system, endonuclease-induced DSBs led to transcriptional silencing (Shanbhag et al. 2010) . A moderate to strong negative correlation was found between fluorescence signals from IR-induced γH2AX foci and sites of BrUTP incorporation ) suggesting that at least a part of DSBs is located in euchromatin domains where transcription was silenced during DSB processing.
Heavy ion irradiation was used to introduce DSBs locally in dense heterochromatic regions (chromocenters) of mouse embryonic fibroblasts (Jakob et al. 2011) . H2AX was phosphorylated initially within chromocenters, but during 20 min after ion irradiation, γH2AX foci were moving to the chromatin of lower density at the periphery of chromocenters. This relocation of chromatin regions containing γH2AX to the borders of chromocenters explains the lack of γH2AX foci in dense heterochromatin and confirms observations made previously by other groups of researchers after the use of IR.
High-magnification transmission electron microscopy (TEM) was used for the visualization of gold-labeled DSB repair proteins in cortical neurons of brain tissue samples of mice at different time points after IR (Rübe et al. 2011b ). TEM imaging allowed visualizing gold-labeled proteins in the context of local chromatin density that could be detected due to variations in electron absorption. This approach gave possibility to measure DSB-rejoining kinetics in eu-and heterochromatin by calculating gold particles associated with Ku70, the key player of NHEJ. DSBs in euchromatin were rejoined very fast by NHEJ, while slower DSB repair kinetics was observed in heterochromatin. Surprisingly, it was shown that γH2AX, 53BP1, and MDC1 proteins were located exclusively in dense chromatin area, colocalized with H3K9me3, the most chracteristic mark for heterochromatin, but never colocalized with acetylated H3 that marked euhromatin domains. These observations suggest that γH2AX, 53BP1, and MDC1 assembly occurs only in heterochromatin.
The detection of IR-induced γH2AX in heterochromatin area using TEM is in accordance with the model proposed by Goodarzi and coworkers (2008) for the role of ATM in DSB repair. The model suggests that >75% of DSBs could be repaired in ATM-independent manner by NHEJ factors. ATM-signaling proteins like H2AX, 53BP1, and MRN complex are needed only for the repair of DSBs associated with heterochromatin, and local relaxation of heterochromatin is provided via ATM-dependent phosphorylation of KAP-1 protein involved in heterochromatin structure formation. The data obtained on mouse brain sections using TEM are not in accordance with those obtained on cultivated mammalian cells by conventional immunofluorescence technique with the use of different fixation procedures and less microscope resolution. Further insight is required to specify the reason of dissimilarity in results obtained by different approaches.
Kinetics of H2AX phosphorylation/dephosphorylation in cultivated mammalian cells
Unirradiated cells could contain some amount of γH2AX foci due to endogenous damage. The cells of tumor cell lines express higher endogenous level of γH2AX without any treatments in comparison with normal cells, γH2AX background level is pronounced in cell lines expressing mutated p53 in comparison with those expressing wild type p53 Yu et al. 2006) .
H2AX is rapidly phoshorylated at the sites of DSBs after the action of IR. γH2AX foci could be detected in cell nuclei 3 min after IR, and their number reaches maximum within 30 min (Rogakou et al. 1998) . The total number of γH2AX foci correlates with the total number of DSBs (Rogakou et al. 1998; Rothkamm and Löbrich 2003) . The size of γH2AX foci in the nuclei 3 min after IR is smaller than that after 15 min, and the number of foci is not changed in the period 30-60 min after IR (Rogakou et al. 1999) . It has been shown that the decrease of γH2AX foci number per cell after IR correlates with the rejoining of DSBs measured by pulse field gel electrophoresis (PFGE) . The signal for γH2AX dephosphorylation is triggered obviously by DSB rejoining, but it is unknown whether γH2AX disappears immediately when DSB ends are sealed, or some period of time is needed for γH2AX elimination from the foci and restoration of native chromatin structure after completion of DSB repair.
After 1 h after IR γH2AX dephosphorylation goes down slowly and is represented by two consequent waves of γH2AX loss. The most part of γH2AX foci is eliminated within 4-5 h after IR that corresponds to the fast wave of γH2AX dephosphorylation. Approximately 50% of maximum γH2AX level observed 1 h after IR in the dose 1-2 Gy is eliminated within 3 h, and 75% is eliminated within 5 h in primary human fibroblasts and immortalized Chinese hamster cells (Nazarov et al. 2003; Svetlova et al. 2007; Solovjeva et al. 2009) (Fig. 1) . Almost complete γH2AX loss could be estimated by extrapolation of these data, and it corresponds to 7-8 h. The remaining rare foci are released very slowly and disappear in normal cells after 1-4 days .
Two waves of γH2AX elimination were observed in human primary thyrocytes and normal bronchial epithelial cells after 1 Gy of IR. Within 5 h after the treatment, approximately 50% of foci were eliminated, and at 24 h, only 5-9% of foci retained. The fraction of cells with residual foci was higher in thyrocytes in comparison with bronchial epithelial cells (Galleani et al. 2009 ). Several studies revealed the elevated number of γH2AX foci in normal human senescent cells. The number of spontaneous and residual γH2AX foci after IR increased on late passages in human fibroblasts (Endt et al. 2011 ). The fibroblasts obtained from Werner syndrome patients characterized by premature aging retained more residual γH2AX foci after IR in comparison with fibroblasts from healthy donors of the same age. In accordance with this observation, the rate of recruitment of repair proteins to DSBs was significantly lower in Werner syndrome cell lines as well as in normal fibroblasts at high number of population doublings ). The increase of endogenous level of persistent DSBs and sustained IR-induced DSB repair were detected in human hematopoietic stem/progenitor cells with advancing donor age indicating alteration of DSB repair capacity (Rübe et al. 2011a ).The lower efficiency of DSB repair may play a role in physiological and pathological aging via the influence on genome stability.
γH2AX kinetics is compromised in cells deficient in DSB repair proteins. The higher amount of γH2AX foci was observed up to 1 h in stable clone of MCF10A human breast epithelial cells deficient in Ku70 protein (Vandersickel et al. 2010 ), but the difference in foci number in comparison with control cells disappeared at later time points. This was probably an indication of the deficiency of fast of NHEJ component (D-NHEJ) operating in the early post-irradiation time and utilizing Ku, DNA-PK, and LigIV/XRCC4 proteins. In the absence of D-NHEJ, the backup component of NHEJ is slow operating through the use of PARP1, LigIII, and H1. It was shown using PFGE that the fast component of DSB repair in Ku70 knockout mutants of chicken cells was compromised (Iliakis 2009 ). ATM-deficient cells cannot repair 15% of γH2AX foci that are successfully eliminated in the slow wave of repair in normal cells, and DNA ligase IV-deficient cells have more severe defect in γH2AX elimination than ATM-deficient cells .
Rad21 expression level is important for IR-induced cell response. Impaired DSB repair via HR was found in embryonic fibroblasts (MEF) obtained from heterozygous Rad21+/− mice. Rad21 is a subunit of cohesin complex that mediates sister chromatid cohesion and is involved in DDR after IR. The elimination of IR-induced γH2AX foci in Rad21+/− MEF 4 h after IR at the dose 10 Gy was delayed (Xu et al. 2010a) .
It was shown that γH2AX release after IR was faster in radioresistant tumor and normal mouse cell lines, but was slower in radiosensitive ones . In p53-wild type human cervical cell lines, γH2AX elimination half-times after IR were less than in p53-deficient cell lines. The substantial amount of γH2AX was found in some of p53-deficient cell lines 24 h after IR, and the fraction of cells containing γH2AX foci correlated with radiation sensitivity measured as clonogenic-surviving fraction of cells. Using neutral comet assay, the persistence of DSBs at the late time points after IR was not detected in this study probably due to the sensitivity limit of the method. However, the possibility that residual γH2AX foci may not be associated with the physical breaks could not be excluded .
IR produces DSBs that differ in their structure from simple to complex. Some DSBs are induced incidentally close to each other or clustered with other types of radiation damage, such as base damage or SSBs. Twenty to thirty percent of DSBs produced by low-LET radiation are of complex type and are found side by side with the other types of damage (Nikjoo et al. 2001) . It is suggested that some of these clusters could lead to the appearance of long-living γH2AX foci that are detected 24 h or later after IR, and either represent actual unrepairable DSBs or rejoined DSBs with unrestored chromatin structure (Fig. 2) .
Rad51 protein plays an essential role in HR in mammalian cells. In yeast, RAD51 foci colocalize with persistent DSBs that cannot be repaired. Rad51 and modificated by SUMO histone variant H2AZ are required for the fixation of persistent DSBs to nuclear periphery (Kalocsay et al. 2009 ). The majority of γH2AX foci in mammalian cells overlapped with Rad51 foci at 24 h after IR, but relocalization of γH2AX to nuclear periphery was not noticed (Sak et al. 2005) . Rad51 tagged with GFP was used for the analysis of living human cervical carcinoma cells that retained γH2AX foci 24 h after the treatment with different chemical agents that induced direct DSBs or other kinds of damage that led to replication stress (Banáth et al. 2010) . The fraction of cells that retained γH2AX and Rad51 foci correlated with the fraction of cells that lost clonogenicity. It should be noted that the majority, but not all cells containing Rad51-GFP, failed to form colonies, and at the same time most but not all cells lacking Rad51 foci formed colonies. Nevertheless, the authors suggest that cells containing residual γH2AX foci are more likely apoptotic that allows using them as biomarkers of response to damaging agents. Further studies are needed to confirm directly that all cells containing residual γH2AX foci 24 h after IR are preapoptotic or apoptotic.
H2AX phosphorylation after low doses of IR
The effects of low-dose irradiation are the subject of intensive research. During their life, human beings undergo low doses of IR that come from natural sources and medical procedures, that is why the health risks from low doses of IR are of concern. People are getting the major part of radiation from its natural sources like building materials, cosmic rays, and some others that produce more than 80% of annual effective dose in millisievert calculated from the absorbed dose in gray taking into account tissue-weighting factors. The levels of natural radiation background vary within wide limits (tenfold or more). The average effective dose that person receives from natural radiation background estimated in the report of the United Nations Scientific Committee on the Effects of Atomic Radiation (1972) is about 2.4 mSv per year. Besides the natural sources of IR, people often are exposed to radiation during medical procedures such as chest and dental X-ray screening or computed tomography. For example, the up-to-date effective dose estimates for diagnostic X-ray dental screening and chest computer tomography provided by RadiologyInfo web site (retrieved from http://www.radiologyinfo.org) are 0.005 and 7 mSv. These doses are comparable to natural background radiation one experiences in 1 day and 2 years correspondingly. DSBs are the most dangerous DNA lesions caused by IR; that is why the study of effects of low doses of IR on mammalian cells is very important.
The strong correlation has been found between the induction of DSBs after IR measured by PFGE and the formation of γH2AX foci analyzed by immunofluorescence indicating that each γH2AX focus represents a separate DSB (Rothkamm and Löbrich 2003) . Interestingly, it was shown that after IR action, the kinetics of γH2AX foci loss was strongly dependent on the dose, and the efficiency of DSB repair became lower with the decrease of IR dose. The dose 1 mGy corresponded to the threshold level below which cells failed to eliminate γH2AX foci, and the number of foci did not change during several days after the treatment. The failure to eliminate γH2AX most likely reflects the deficiency of DSB repair due to inability of cells to induce DDR, although the inability to perform some steps of molecular mechanism of γH2AX dephosphorylation after the completion of DSB repair cannot be excluded. Delayed γH2AX foci elimination was found in T lymphocytes irradiated in vitro at the dose of 5 mGy with 40% of foci persisting 24 h after IR (Beels et al. 2010) . In vivo evidence for DSB repair deficiency after low-dose IR was presented for three different mice tissues after whole-body irradiation at the dose of 10 mGy (Grudzenski et al. 2010) . In contrast to these results, it was shown using life imaging of human cells expressing YFP-53BP1 that marked the sites of DSBs that the efficiency of 53BP1 foci loss did not differ in the dose range 5 mGy-1 Gy (Asaithamby and Chen 2009 ). The differences in low-dose effects obtained by estimating the number of YFP-53BP1 foci in living cells and the number of γH2AX foci in fixed cells are not clear, and further studies are needed to specify the threshold levels of DSB repair efficiency in the cell lines used by these groups of researchers.
Biological effects of low-dose irradiation are of great interest in relation to the induction of cancer and genetic Fig. 2 γH2AX release from IR-irradiated cells. a Effect of relatively high IR doses (higher than 10 mGy). After IR action, H2AX histone is rapidly phosphorylated by ATM kinase or, in the absence of ATM, by DNA-PK at the sites of DSBs. γH2AX serves as a docking site for recruitment of DNA repair enzymes. The γH2AX level reaches its maximum at 30-60 min after IR, and after that, γH2AX gradually decreases from chromatin. Twenty-four hours after IR, a small population of cells containing γH2AX foci can still be observed. These foci presumably represent unrepairable DSBs of "complex structure". Persistent DSBs lead to apoptosis or increase the potential risk of cancer in irradiated tissues. b Effect of low IR doses (less than 10 mGy). DDR is not fully activated after low-dose IR, and DSB repair is inefficient. γH2AX is induced in unirradiated neighboring cells due to the signal transduction from directly irradiated cells (bystander effect). The nature of signaling is not understood, and it has not been shown yet whether γH2AX foci in bystander cells represent physical DSBs abnormalities. Several dose-response models for IR were evaluated. The linear no-threshold (LNT) model postulates that any dose of radiation is potentially harmful and extrapolates the effects of high doses of IR to low-dose range [National Council on Radiation Protection & Measurements (NCRP) 2001]. LNT model is generally accepted by NCRP and health agencies in spite of the fact that the epidemiological data on the effects of low-level radiation are sometimes contradictory. There is no convincing evidence of any health effects on humans at radiation doses below 100 mSv (Tubiana et al. 2009 ). The high rate of thyroid cancer in children that were exposed to Chernobylrelated radiation in 1986 has been reported (Moysich et al. 2002) . The children from irradiated fathers-liquidators evidently exposed to relatively high radiation doses reveal the increased level of chromosome aberrations compared to the control ones (Agadzhanian and Suskov 2010) . There is no statistically reliable data on the increasing rates of other types of cancer besides thyroid in people exposed to low doses of radiation after this accident. It should be taken into account that both cancer and genetic damages may be caused not only by the action of low-dose irradiation, but also by many other reasons. Our knowledge on the effects of low-dose irradiation are far from complete, and recent accident at Fukushima nuclear plant has shown that the studies of the long-term consequences of irradiation on human life are extremely important. If we accept LNT dose-response relationship, even very small doses of radiation could result in increased risk to human health.
The threshold model alternate LNT model and is based on the assumption that the effects of low doses are not dangerous below the certain threshold. In the recently published papers, the strong evidence is presented that LNT model is inconsistent with epidemiological data and the results of experimental studies (Hooker et al. 2004; Tubiana et al. 2009; Kuikka 2009) . The adaptive response model postulates that low-dose IR induces adaptive protection against DNA damage triggering DNA repair mechanisms and could be beneficial for cells (Bonner 2003) . Adaptive response phenomenon was demonstrated on cellular and tissue levels. The decreased number of IR-induced chromosome aberrations was observed after pre-irradiation of embryonic human fibroblasts with a low dose of IR (Ishii and Misonoh 1996) . Low-dose, lowdose-rate γ-ray irradiation of human lymphoblastoid cells facilitated I-SceI-induced single DSB repair by HR pathway (Yatagai et al. 2008) . The adaptive response could be observed not only after pre-irradiation, but also after cell pretreatment with some chemicals. The efficiency of DSB repair measured by the number of γH2AX foci after low doses (10 mGy) of irradiation was increased in human fibroblasts after pretreatment with H 2 O 2 at appropriate concentration (such as 10 μM) that produced SSBs and base damages, but did not produce DSBs (Grudzenski et al. 2010) . The same concentration of H 2 O 2 did not affect the foci number after higher doses of IR. It could be suggested that the activation of base excision repair (BER) after SSB induction by H 2 O 2 leads to the formation of chromatin structure accessible not only for BER enzymes but also for repair proteins that promote the repair of DSBs adjacent to SSBs. ATR-Chk1 pathway is activated after SSB induction, and the cross-talk between ATM and ATR pathways could not be excluded as it has been demonstrated after the action of some agents (Jazayeri et al. 2006 ).
Radiation-induced bystander effect
The phenomenon of bystander effect (BE) means that the effects of radiation could occur in the absence of direct exposure of cells to radiation. The signals from irradiated cells are transmitted to unirradiated cells and therefore increase the general effect of radiation. BE could have an impact on the estimation of risks of exposure to IR and cancer radiotherapy. Although BE has been well described, its mechanisms remain unclear. The phenomenon could be observed at high doses as well as at low doses of radiation (Nikjoo and Khvostunov 2003) . The increased number of apoptotic cells after α-particle microbeam action on tissues was registered 1 mm away from the damage (Belyakov et al. 2005) . It was proposed that the existence of intercellular gap junctions, secretion of soluble factors, oxidative metabolism could regulate BE (Azzam et al. 2003) . BE could explain the effect of hyper-radiosensitivity, i.e., the reduced survival fraction of cells after the action of doses less than 50 cGy. In cell cultures, BE is produced after the incubation of unirradiated cells with conditioned media from the irradiated culture. The estimation of the number of γH2AX foci indicated that BE was not pronounced in confluent fibroblasts in comparison with cycling cells (Nuta and Darroudi 2008) . Non-IR BE was registered in HeLa cells grown in medium containing BrdU and Hoechst 33342 and irradiated with UVA. This effect measured by γH2AX and 53BP1 foci formation was observed first in S-phase cells and at later time points was registered also in non-S-phase cells (Dickey et al. 2009 ). BE in cell culture depleted of Dicer and characterized by decreased levels of miRNA was the same as in the control cell line indicating that miRNA did not represent the signal transmitted by irradiated cells (Dickey et al. 2011) . Interestingly, BE was induced after the addition of media from malignant and senescent cells to non-treated normal cells. It was found that conditioned media from these cells contained elevated levels of cytokines. The addition of some of cytokines like the growth factor TGF-b and nitric oxide to normal cells induced BE (Dickey et al. 2009 ). All these data allow to propose a hypothesis that BE could be induced by signaling molecules released from cells after different kinds of genotoxic stresses including radiation from different sources and the action of various chemical agents that produce DNA damage (Sokolov et al. 2007) .
H2AX phosphorylation in mice tissues after genotoxic stresses
Despite the numerous data concerning the dynamics of histone γ-H2AX formation and elimination after IR in cells proliferating in culture, not so much is known about its dynamics in distinct mammalian tissues, and the data reported are sometimes contradictory. The background H2AX phosphorylation in the absence of IR can be observed in the cells of proliferating tissues and the highest level of background H2AX staining is in S-phase cells. γH2AX expression was studied in unirradiated skin of mice at different times after the birth. H2AX in hair follicle cells was phosphorylated in ATM-and DNA-PK-independent manner, the level of phosphorylation changed during a hair cycle and was dependent on time passed after the birth (Koike et al. 2007 ). This possibly means that H2AX is phosphorylated in follicles during S-phase at blocked replication forks due to spontaneous DNA damage, and this phosphorylation is ATR-dependent as it was shown for cultivated mammalian cells. On the contrary, the results obtained on thin sections of unirradiated mice tissues including brain, lung, heart, and small intestine have shown that they are almost completely negative for γH2AX (Rübe et al. 2008) .
The kinetics of γH2AX formation and elimination in mammalian tissues is tissue-specific and differs from that in cell cultures. It was observed about three decades ago that the radiosensitivity of different mice tissues measured by alkaline elution coupled with a microfluorometric determination of DNA strand break formation varied remarkably. At 10 min after whole-body irradiation, the maximal amount of breaks was found in bone marrow and the lowest amount in intestine (Meyn and Jenkins 1983) . The rapid phosphorylation of H2AX after IR with the dose 30 Gy was observed in thymus and testis, and in the epithelium cells of villi in intestine, the level of H2AX phosphorylation was less pronounced (Yoshida et al. 2003) . The variations in the rate of γH2AX formation between mouse ear, liver, and kidney have been shown after IR, suggesting that DNA damage response is tissue-dependent (Koike et al. 2008a ). It should be noted, however, that no data is available on the content of histone H2AX in mouse tissues, and some differences in the level of histone could influence the extent of phosphorylated H2AX. The halftime of γH2AX loss from irradiated cells from mouse spleen, bone marrow, and cerebellum varied from 5.2 to 7.6 h, while in testis the half-time of γH2AX loss was only 2 h, suggesting different ability of these tissues to repair DSBs .
The detailed analysis of DSB repair kinetics in different types of cells in the seminiferous tubules of testis in mice after whole-body irradiation was performed by Rübe and coworkers (2011c) . It has been shown that various types of spermatogenic cells express different DSB repair markers. A dose-dependent induction of γH2AX foci was observed in round spermatids, but in elongated spermatids and spermatogonia stem cells (SSC), γH2AX foci were not formed. 53BP1 protein foci were induced in SSC, but were not formed in round and elongated spermatides. The impaired repair capacity was observed in SSC and round spermatids. Round spermatids showed highly increased γH2AX foci level at 5, 24, and 48 h after IR in comparison with normal somatic cells in lung, kidney, and brain. 53BP1 foci number in SSC at 0.5 h after IR was lower than the number of corresponding foci in somatic tissue cells, but higher at 24 and 48 h after IR. The comparison of kinetics of 53BP1 or γH2AX foci elimination in male germ cells of DNA-PK-deficient SCID and normal mice have shown that DSB repair in SSC is DNA-PK-dependent and DSB repair in round spermatids is DNA-PK-independent suggesting the involvement of other DSB repair pathways in this type of spermatogenic cells.
Rapid formation of γH2AX was found in embryonic mouse brain, the maximum of γH2AX foci was formed with similar efficiency 1 h after irradiation in neuronal precursor cells and neurons. In neurons, γH2AX was completely eliminated at 24 h after IR, but in neuronal precursor cells, the residual γH2AX foci were still observed 24 h after IR, and all of these cells demonstrated characteristic features of apoptosis (Nowak et al. 2006) . During the analysis of γH2AX foci formation in utero of γirradiated mouse one-cell stage or two-cell stage embryos, a delayed phosphorylation of H2AX was observed, suggesting that this process is inefficient in early stage embryos (Adiga et al. 2007 ).
Earlier we reported the significant differences in γH2AX formation and elimination between mouse heart and kidney after IR estimated by counting γH2AX-positive cells (Gavrilov et al. 2006) . The delayed kinetics of γH2AX elimination in mouse cardiomyocytes after whole-body X-ray irradiation with the dose of 3 Gy was observed. At 23 h after IR, the number of γH2AX-positive nuclei represented ∼50% of maximal number of foci observed 20 min after IR. In renal epithelium, the kinetics of γH2AX foci formation and elimination was different: maximum of γH2AX-positive cells was detected at 40 min after IR, and at 23 h, their number did not differ from the control. The other group of researchers did not observe any difference in γH2AX loss between the heart and other tissues (brain, lung, heart, small intestine, and blood lymphocytes) in normal mice by counting γH2AX foci per cell (Rübe et al. 2008) . The discrepancy between these results is not clear and probably could be explained by different sensitivity of methodological approaches.
The efficiency of γH2AX foci formation and elimination after IR was analyzed in mice lacking ATM or DNA-PK. The most pronounced defect of γH2AX foci elimination was observed in different organs of SCID mice, and less defect was found in mice with ataxia-telangiectasia in comparison with repair-proficient mice that correlated with the repair capacity of these mouse strains (Rübe et al. 2008 ). Koike and coworkers (2008b) showed that DNA-PK-dependent γH2AX formation occurred in spleen, γH2AX elimination was DNA-PK-dependent in kidney, liver, skin, and spleen, suggesting that mechanisms regulating the kinetics of H2AX phosphorylation/dephosphorylation are organ-specific.
The analysis of γH2AX induction after fractionated whole-body irradiation with the dose 2 Gy in mice has shown that the significant number of DSBs remains unrepaired after each fraction of IR that leads to gradual accumulation of unrepaired lesions in the course of irradiation, and the total extent of residual DNA damage is dependent on DSB repair capacity .
The effect of low-dose irradiation of mice correlated with that obtained using cultivated cells (Grudzenski et al. 2010) . The similar numbers of γH2AXand 53BP1positive nuclei were observed in mouse heart, intestine, and kidney at 10 min and 72 h after whole-body irradiation with low dose (10 mGy). It means that the efficient response to IR in tissues could be accomplished only over the certain threshold number of DSBs induced in genome of separate cells. At low-dose irradiation under this threshold level of IR, the repair of DSBs is inefficient, and the breaks persist for a long time. The significant agedependent increase in the frequency of γH2AX foci not associated with telomere disfunction has been registered in senescent tissues indicating that aging occurs with the accumulation of DSBs (Wang et al. 2009 ).
The increased levels of γH2AX foci were observed not only in cancer cell lines but also in premalignant tissues and solid tumors (colon tubular adenocarcinoma, breast ductal adenocarcinoma, ovary adenocarcinoma, hepatoblastoma, and Wilms' tumor) (Sedelnikova and Bonner 2006) , suggesting that γH2AX could be used as a marker for tumorigenesis and predisposition of cancer . The induction of γH2AX could be observed in tissues adjacent to tumors due to the signals transmitted from tumors through the gap junctions linking this phenomenon with BE registered after IR. Besides that, the mouse tumors could induce γH2AX formation in highly proliferative tissues distant from implanted tumors. The elevated levels of DSBs measured by γH2AX formation and non-DSB damages were found in gastrointestinal tract tissues, skin, and hair follicles after subcutaneous injection of tumor fragments. The increased level of blood cytokines in tumor-bearing mice suggested that cytokines could serve as inducers of DNA damage in tissues distant from tumor sites (Redon et al. 2010) .
Concluding remarks
Phosphorylated H2AX is one of the key players in DDR to different genotoxic stresses, and it is induced very quickly at the sites of DSBs after IR and at stalled replication forks during replication stress. The method of immunofluorescent detection of γH2AX focus formation is much more sensitive than other methods of detecting DSBs in cells and tissues and is widely used in experimental research and cancer prognosis. γH2AX prevents separation of DNA ends at DSB and contributes to the recruitment of repair proteins and activation of ATM-or ATR-dependent checkpoints. After its maximal induction in the cell nuclei, γH2AX is gradually dephosphorylated. In this review, the data concerning the mechanisms of γH2AX dephosphorylation are summarized. γH2AX release is a complicated process, dephosphorylation by phosphatases as well as histone exchange are thought to be involved in it. It has been shown that several phosphatases are responsible for γH2AX dephosphorylation, but whether their role is redundant or one of them plays the most essential role remains to be elucidated. Small amount of γH2AX foci is not eliminated during a long time after the action of radiation and possibly leads to apoptosis and cell senescence. What is the nature of these foci, do they represent complex damages composed of DSBs and non-DSB lesions or the sites of rejoined DSBs where chromatin did not yet restore the normal structure?
DNA repair status of cells influences significantly γH2AX foci loss. The kinetics of γH2AX elimination in normal and repair-deficient cells and tissues is exemplified in the review. The evidence of organ-specific H2AX phosphorylation after IR is presented, but our knowledge on the pathways underlying the control of phosphorylation/ dephosphorylation in different tissues is still incomplete.
The cellular response to very low doses of ionizing radiation is of especial interest because it was found that the repair response after low-dose irradiation is less efficient than after high doses. The nature of this phenomenon and the fate of the cells with unrepaired DNA damage are unknown. The numerous data confirm the existence of BE of radiation in different cell types and tissues, however, the mechanism of BE is poorly understood. The effect induces a response that could cause gene instability in cells neighboring the damaged ones and underlie cancer. What is the nature of the signal transmitted by damaged cells to undamaged ones? The important goal of the future research is to answer all these questions. The data available at present are obtained mainly after the action of low LET irradiation on living cells or animals, and molecular mechanisms of H2AX phosphorylation/dephosphorylation induced by other kinds of genotoxic stresses remain to be elucidated.
